We studied both modern soils and buried paleosols in order to understand the relationship of temperature (T°C(47)) estimated from clumped isotope compositions (D 47 ) of soil carbonates to actual surface and burial temperatures. Carbonates from modern soils with differing rainfall seasonality were sampled from Arizona, Nevada, Tibet, Pakistan, and India. T°C(47) obtained from these soils shows that soil carbonate forms in the warmest months of the year, in the late morning to afternoon, and probably in response to intense soil dewatering. T°C(47) obtained from modern soil carbonate ranges from 10.8 to 39.5°C. On average, T°C(47) exceeds mean annual temperature by 10-15°C due to summertime bias in soil carbonate formation, and to summertime ground heating by incident solar radiation. Secondary controls on T°C(47) are soil depth and shading.
INTRODUCTION
Soil carbonate is abundant and widely distributed in the geologic record and has proved useful in paleoenvironmental reconstruction. For example, the d 13 C value of soil carbonate is widely employed in paleoecologic (e.g. Quade and Cerling, 1995) and paleo-pCO 2 reconstruction (Cerling, 1991) . The d
18 O value of soil carbonate is useful for reconstructing the d
18 O value of meteoric water, a relationship that has seen application to paleoaltimetry (e.g. Rowley and Currie, 2006; Quade et al., 2007; Garzione et al., 2008) . The clumped isotope paleothermometer is a recent development that holds potential for reconstruction of paleotemperatures in the deeper geologic record. A range of natural and synthetic calcites have been shown to yield accurate and acceptably precise (est. ±2°C) temperatures of formation (Eiler, 2007) . The question addressed in this paper is whether paleotemperatures reflecting conditions of soil carbonate formation can be similarly reconstructed using this technique.
Two considerations enter into the response to this question, the first having to do with ground heating as related to seasonality of soil carbonate formation, site shading, and site aspect; and the second with preservation of T°C(47) after burial. Soil temperature varies diurnally and seasonally in soils, and so, depending on soil depth, T°C(47) will depend on the average time of day and year that it forms. These relationships must be understood from modern soils before results from ancient soils can be interpreted. Carbonate should precipitate when dewatering of the soil and CO 2 out-gassing have reached the point where calcite saturation is attained in a soil water film. It stands to reason that this will happen sometime in the summer half year, when soil water content is at its lowest. Thus, soil temperatures somewhere between mean annual temperature (generally attained in the spring and fall) and warmer summer temperatures should be recorded in the calcite. The strength of this seasonal preference depends on how wet the soil becomes in spring and early summer, and how quickly soil pores dry thereafter.
This general picture of carbonate formation is supported by clumped isotope analyses of Passey et al. (2010) . This study shows that soil carbonate forms in the warmer months of the year in some mid-latitude arid settings, when soil temperature exceeds mean annual temperature by at least 15°C. Moreover, recent evidence collected by Breecker et al. (2009) suggest that carbonate in soils forms only in drought years and then only at the warmest point in the summer. If representative, it means that only extreme summer temperatures will be recorded in the soil down to a depth of several meters. In this paper we test whether these generalizations hold for the broad range climatic settings in which soil carbonate forms.
Ground temperatures typically exceed air temperature due to heating by incident solar radiation. The flux of solar radiation in any one area varies with local slope/aspect and shading. In laterally continuous modern or ancient soils on flat topography, soil temperature should vary with shading, affording a means of reconstructing vegetation density and distribution in the past. We explore the effects of shading and aspect in our study of soils and paleosols.
The second consideration is the resistance of clumped isotopes to subsequent diagenetic resetting or reordering at elevated burial temperatures. Recent study of carbonatite carbonate (Dennis and Schrag, 2010) suggests that solidstate reordering of clumping of carbon and oxygen occurs below 250-300°C if cooling is rapid, and <200°C where cooling is slower. The same study showed that clumped isotopes were reordered in the apparent absence of bulk recrystallization of calcite. We test these and other conclusions by analysis of paleosol carbonates deeply (>3 km) buried over the past 12-15 million years.
Sampling modern soils
Soil carbonate forms slowly, and visible and easily sampled amounts only build up in soils over hundreds to thousands of years. For our study to succeed we had to sample soils that experienced temperatures close to today's throughout their development. Hence we confined our sampling to Holocene-age soils, since mean annual Holocene temperatures averaged over 500-1000 years (the minimum time spans averaged by our sampling) probably have not varied by more than ±1-2°C.
There are various lines of evidence that indicate whether a given soil is Holocene in age. As a first assessment in the field, we use morphology of the soil, including degree of development of the calcic and overlying cambic horizons (Gile et al., 1966) . In some areas such as Arizona and New Mexico soil development as a function of age is well established, whereas in others such as Tibet it is not, and must be inferred by morphologic comparison with well-dated sites. After samples were collected in the field, we determined the ages of their carbonates by 14 C dating. This and the clumped analysis requires about 10 mg of material each, which is easily acquired by scraping of clasts in soils that have experienced more than a few thousand years of pedogenesis.
It is essential that the depth of carbonate formation has remained nearly fixed through time in a given profile, be- cause of the strong dependence of soil temperature on soil depth. Hence, the comparison of measured T°C and T°C(47) will only be valid where pedogenesis (soil carbonate formation) overprints a single depositional event or short series of events. Many soils, especially in low-sedimentation rate settings, are "cumulic", in that sediment is added in small increments, and hence the temperature experienced at any given depth evolves as the soil thickens. This process can introduce significant uncertainty in the interpretation of a carbonate clumped isotope growth temperature. Equally undesirable, soils can erode, reducing the apparent depth of carbonate formation. How can cumulic and eroded soils be avoided? Fortunately, these situations are often apparent in the field. Where available, we selected soils underlying broad, flat surfaces to ensure against eroded profiles on the short timescales we are concerned with here. Disconformities and heterogeneity in parent material textures are warning signs that profiles may be cumulic, and were therefore avoided. The ideal sample profile then had homogenous parent material and a regular progression of soil horizons (A-B-C) with a homogenous-looking calcic horizon confined to soil depths consistent with local mean annual rainfall.
Modern pedogenic nodules and clast coatings were collected from freshly exposed trench faces or arroyo walls. Most local bedrock or their alluvial derivatives at our soil sites are carbonate free, making it unlikely that our carbonate samples have been contaminated by detrital carbonate from local bedrock. Pedogenic carbonates were scraped from alluvial or bedrock clasts or sampled from nodules. The soil depth was recorded for all samples.
We selected study soils from a wide range of climate and soil water regimes ( Table 1 ) to ensure that our results have broad applicability to interpreting T°C(47) from ancient soils for which seasonal soil-water status is not known. To this end, we sampled modern soils from central Nevada where rainfall in winter/spring dominated, and so soil dewatering is likely to commence in the early summer and extend into the fall. In contrast, soils in modern India, Pakistan and southern Tibet receive most of their precipitation during the summer monsoon, which for our sites commences in late June. Unlike the Nevada sites, soil-water content in our Asian study sites should be lowest just before the monsoon begins in late June when air temperatures are at their highest. Climate in southern Arizona lies between these two extremes, characterized by a roughly equal mix of winter and summer monsoonal rainfall. Here soil water content should be lowest just before the summer rains begin in July, and again during the early fall when the summer rains stop but air temperature is still high. In equable Hawaii, seasonal air temperature variation is <3°C, and so the range of permitted T°C(47) is narrow.
To evaluate ground-heating effects on T°C(47), we sampled soils from variably shaded ecosystems in Arizona and Nevada for comparison to virtually unshaded sites in Tibet. In Tibet we also contrasted soils sites with north versus south aspect, holding all other soil variables constant.
Sampling buried paleosols
We investigated the issue of post-burial alteration by analysis of buried paleosol carbonate from the Siwalik Group in Pakistan and Nepal. This paleosol series has been the focus of a number of previous geologic studies. The carbon and oxygen isotopic values of the paleosol carbonates are thought be primary, and to reflect on vegetation cover and climatic conditions in the past (Quade and Cerling, 1995; . Siwalik Group paleosols are obvious targets for study because of the excellent control on age and well-constrained burial history of the thick sequences of host sediments (e.g. Johnson et al., 1985; Burbank et al., 1996) . Paleosol carbonate sampled from the Siwaliks ranges in age from mid-Miocene to present, and has undergone many kilometers of burial due to high sedimentation rates in the Himalayan foreland. The carbonate occurs as discrete nodules 1-5 cm in diameter, generally in the lower half of paleosol profiles. Depth of carbonate formation during pedogenesis exceeded 50 cm for all samples analyzed.
Paleosol carbonate was sampled from the Siwalik Group section at Surai Khola in central Nepal, a section that has been studied intensively (Appel and Rö sler, 1994; Ojha et al., 2008) . The measured section thickness is about 4.5 km, and assuming average upper Siwalik sedimentation rates of $0.5 km/million years (Ojha et al., 2008) , probably was closer to 5.5 km thick if an unmeasured thickness of conglomerate capping the section is added. Ages of samples range from about 2.5 to 12 Ma. These deposits were rotated and exhumed <2 Ma in the hanging wall of the Main Frontal Thrust in this tectonically active area. We obtained samples during previous studies from several different sections (Quade and Cerling, 1995) on the Potwar Plateau to assemble a burial history for our Pakistani samples. Composite thickness of the Siwalik sections in Pakistan are somewhat less certain than in Nepal but probably were on the order of 4 km, assuming sedimentation rates of 0.2 km/my for the upper portions of our sections (Burbank et al., 1996) . Ages of samples range from 0.5 to about 15 Ma. These deposits are located in the in the hanging wall of the Salt Range and other major thrust faults in the region, and were probably rotated and exhumed <1 Ma.
METHODS

Soil monitoring
Modern soils sampled for carbonate were first dug out to about one meter depth, and soil temperature and humidity loggers (Hobo(@) Pro v2) installed at 20-30 cm depth, and at 90-100 cm depth. An additional logger was placed in a nearby tree or shaded location to record air temperature. These recorded temperature and relative humidity every 2 h for 1-2 years, to be later recovered and the data downloaded.
Soil and air temperature data was recovered from about half of the sites we sampled for clumped isotope analysis in this study (Table 1) . For the other sites, we estimated air temperatures by compiling temperature data from nearby weather stations. Where both sources of data are available, temperature estimates from weather station data are within 1-3°C of measured mean annual and seasonal air temperatures from loggers (when appropriately averaged over time; Table 1 ).
Laboratory methods
Carbonates analyzed for d
18 O and d 13 C values were heated at 250°C for 3 h in vacuo before stable isotopic analysis using an automated sample preparation device (Kiel III) attached directly to a Finnigan MAT 252 mass spectrometer at the University of Arizona. C analysis on select samples from each profile. These were converted to CO 2 and then graphite using standard procedures, and then measured at the University of Arizona Accelerator Mass Spectrometry facility (Donahue et al., 1990) .
Clasts set aside for clumped-isotope analysis were rinsed with de-ionized water and dried using compressed air. Carbonate coatings were scraped off the clasts using a stainless steel dental pick, then ground and homogenized in an agate mortar. This carbonate was not heated prior to analysis, unlike carbonate used for d
18 O and d 13 C determinations. Clumped-isotope compositions of these carbonate powders were analyzed at the California Institute of Technology using protocols described by Ghosh et al. (2006a) , Affek and Eiler (2006) and Huntington et al. (2009) . Seven to ten mg aliquots were digested overnight at 25°C in anhydrous orthophosphoric acid. After cryogenic trapping, the resulting CO 2 was purified of potential isobaric contaminants by passage through a dry ice/ethanol slush and a 30-m-long 530 lm ID Supelco GC column held at -10°C. CO 2 was then analyzed using a Finnigan MAT 253 dual-inlet mass spectrometer configured for isotope ratio measurements of masses 44-49. Bulk composition (d 13 C and d
18
O) was computed from these measurements using a reference CO 2 tank of known isotopic composition. Clumped isotope results are reported using standard D 47 -per mil notation, derived from comparison with heated gases, i.e. CO 2 in a thermodynamic state of nearly randomly distributed isotopes (with D 47 $ est. 0.025), obtained by heating CO 2 aliquots at 1000°C. Data are reported in tables both in the Caltech intra-laboratory reference frame (similar to most previous papers on carbonate clumped isotope thermometry) and the recently proposed 'Imperial', or absolute, reference frame of Dennis et al. (2011) . Data referenced to the Caltech intra-laboratory frame was used to throughout the text and figures.
RESULTS AND DISCUSSION
Modern soils
Carbon-14 results
With one exception, 14 C dates from soil carbonate returned Holocene ages, ranging in age, after conversion to calendar years, from $7350 to 500 years BP ( Table 2 ). The single exception was a soil from India in which the age is 21,160 14 C years BP. This generally confirms our assumption that the sampled carbonates formed in temperature and rainfall conditions similar to today.
Soil temperature -general considerations
Before presenting our results from modern soils, it is useful to review the relationship between soil and air temperature. This topic is addressed in any basic soil physics text, and can be briefly summarized as follows. Soil temperature (T) varies with time (t) and exponentially as function soil depth (z) following (from Hillel, 1982) :
where T avg is average air temperature, A o is the amplitude of seasonal or diurnal temperature variation (maximum minus minimum) at the soil surface (z = 0), x is radial frequency (respectively, 2p year À1 and 2p day À1 ), z is soil depth, d is the "damping" depth (or 1/e folding depth) characteristic of the soil:
where j is thermal conductivity and C v is volumetric heat capacity. As regards surface-T fluctuations, the 1/e folding depth, d, of diurnal fluctuations on the order of centimeters -much shallower than the average depth of carbonate accumulation. This means that at shallow depths (<30 cm) in soils, temperatures varies significantly on a daily basis, but at depth ($30-300 cm), diurnal fluctuations are damped out, and seasonal swings in soil temperature dominate down to a depth (depending on local soil properties) of about 300 cm (Fig. 1) . Below $300 cm, soil temperature is nearly invariant seasonally, and the seasonal swings in soil temperature collapse to a value close to mean annual temperature.
This simple description of soil temperature lacks one additional key effect, that of ground heating of soils by incident solar radiation. The equations above assume that soils will heat to no higher than the overlying air column. This situation generally obtains in full shade but not in soils exposed to sunlight. Soils cannot advect in response to heating, and will thus heat up compared to overlying air when exposed to sunlight. These ground-heating effects are visible in all the temperature logger data, from the completely bare soils of Tibet (Fig. 2a-c) to the variably shaded soils of Arizona ( Fig. 2d-e) . Many studies also document this effect, such as Breshears et al. (1998) or Bartlett et al. (2006) , who found that the difference between ground and air temperature increased with observed solar radiation by 1.2 K/ 100 W m À2 . A number of our samples underlie slopes of >5°, allowing us to assess the effects of slope and aspect on soil heating. For example, sites Lhasa 8 and 9 lie between 3700 and 3800 m across the Yarlung valley from each other. Despite similar elevations, soil temperature data shows that Lhasa 9, south facing on a 5-6°slope, is $2-3°C warmer during summer at 100 cm depth than soil at Lhasa-8, northwest facing along a 8°slope.
T°C(47) results
Two patterns in T°C(47) are visible in most soil profiles we sampled (Table 3) , excluding results from Hawaii, which we will consider separately below. First, our results show that T°C(47) exceeds that of local mean annual air temperature (MAAT) by large amounts ranging from about +4 to +22°C, for an average difference of $+12°C (Fig. 3a) . T°C(47) is much closer to warmest average monthly temperatures (WAMT), generally exceeding WAMT by +2-3°C (Fig. 3b) . Scatter in T°C(47) at a given MAAT (or WAMT) can be attributed to depth variation in T°C(47) , as discussed below.
Second, most, but not all, profiles show decreasing T°C(47) with soil depth. The profiles from site NRT in Tibet (Fig. 2c) and Huachuca T2 (Fig. 2d) in Arizona are examples of this. T°C(47) at NRT increases from 13.7°C to 24.7°C from 95 ± 5 to 35 ± 5 cm soil depth; whereas at Huachuca T2, average T°C(47) increase from 20.1°C at 130 cm to 23.4°C at 70 cm soil depth.
In other locations, depth patterns are mixed. For example, at the MAD sites in Arizona, two profiles were sampled from different locations in the same alluvial terrace (Fig. 2e) . At MAD-2, the depth pattern in T°C (47) is scattered and in all cases lower than at MAD-1. At MAD-1, T°C(47) shows a noticeable decrease with increasing soil depth, and T°C(47) near the surface is high, well above summer maximum air temperature.
We suggest that the overall patterns in observed T°C(47) indicate that clumped isotope temperatures of soil carbonates generally reflect equilibrium growth, but at temperatures that differ, sometimes markedly, from mean annual temperatures due to seasonality of growth and ground heating. This view is inspired by the common pattern of decreasing T°C(47) with soil depth -the predicted pattern for summer seasons in all studied soils -and by measured summer soil temperatures approaching or overlapping measured T°C(47). The details of measurements from profiles like NRT and Lhasa-9 especially influence our interpretation. Values of T°C(47) from >50 cm soil depth in both profiles ( Fig. 2c for NRT and Fig. 2b for Lhasa-9) closely approach measured June soil temperatures, just before the cooling effects of the monsoon rains arrive. Patterns like these point to a common and pronounced seasonal bias of T°C(47): carbonate in the studied sections is only forming in the warmest part of the warmest month, before the rains and when soil dewatering, largely by plants, is probably most intense. Values of T°C(47) between 0 and 50 cm display a more varied pattern that we interpret to reflect diurnal temperature fluctuations. Temperature measurements at site NRT ( Fig. 2c) with a digital thermometer show diurnal variations on a summer afternoon in the upper 50 cm of the soil. The distribution of T°C(47) matches this pattern and points to formation in this soil in the afternoon, mostly similar to an average formation time of $4 pm. The systematic depth offset in temperatures suggests that the carbonate formed on warmer average afternoons than that of our single afternoon of measurements. The profile of T°C(47) values for site Lhasa-9 (Fig. 2b) is more complicated but could be interpreted as reflecting carbonate formation between the late morning (10 cm) to late afternoon (50 cm). This view assumes that carbonate throughout the profile forms over the same seasonal interval of time, when soils are driest.
We also suggest that the uniformity of the patterns of T°C(47) profiles in the studied Tibet soils is the result of the bareness of the soils now and in the past. Aside from very scant low shrub and herb cover, the Tibet soils are quite bare. Vegetation reconstructions argue against significant woody cover at our sites during the Holocene (Kaiser et al., 2009; Pelletier et al., 2011) . In short, the Tibet sites have always been unshaded, and the thermal response of the soils to solar radiation should have been spatially and temporally similar from year to year.
In contrast, our monitoring sites from Arizona and Nevada are more vegetated and therefore locally cooled by shade. At the Clear Creek site (2235 masl), the vegetation is dominated by large sagebrush (Artemesia tridentata) interspersed with pinyon (Pinus monophylla) and juniper (Juniperus osteosperma) trees. At the Arizona sites, mixed mesquite (Prosopis velutina), white-thorn acacia (Acacia constricta), and summer C 4 grasses dominate the MAD sites (1105 masl), whereas alligator-bark juniper (Juniperus deppeana), white oak (Quercus arizonica), and tall C 4 grasses cover the Huachuca T2 site (1910 masl). Local vegetation cover on these alluvial terrace sites probably varied over the thousand year time scales of soil carbonate formation -more shaded for some periods of time at any one spot, and less for other periods. It is not clear how we can evaluate the integrated effects of shade from place to place, but the effects of shade on soil temperature are well documented. Intercanopy areas in nearby New Mexico experience near-surface soil temperatures 10°C higher than shaded areas (Breshears et al., 1998) . Changes in local shading could therefore explain the discrepancy in measured soil temperatures today and T°C(47) , as well as the large difference in T°C(47) from profiles MAD-1 and MAD-2 (Fig. 2e) . These profiles came from the same alluvial terrace only a few hundred meters apart, and yet T°C(47) in MAD-2 (more shaded throughout its formation?) is lower than in MAD-1 (less shaded?). It is difficult to see how this hypothesis of variable shading through time could be clearly proven or disproven. We simply suggest this as a plausible consequence of variations in ground temperature in variably vegetated sites, insofar as T°C(47) from the MAD-1 matches the high ground temperatures in bare locations in this area, whereas those of MAD-2 resemble air (i.e. = completely shaded) temperatures.
Sites Lhasa 8 and 9 were sampled to test for the potential effects of aspect on ground heating. The sites are similar in elevation, parent material, and lack of vegetation, and only differ in that Lhasa-8 is on the toe of an alluvial fan dipping $8°northwest, and Lhasa-9 5-6°south. This probably explains why summertime ground temperatures at Lhasa-9 exceed that of Lhasa-8 by $2-3°C, as measured over parts of two summers. However, we found that T°C(47) for Lhasa 8 exceeds that of Lhasa 9 by about 3°C, which given their aspect, is the opposite of expectation. Whatever the cause, it is noteworthy that two unshaded sites experiencing about the same air temperature differ by in T°C (47) by $3°C. The role of aspect and slope on soil heating bears further investigation; but soils should probably be avoided where significant depositional paleoslopes (such as rocky alluvial fans) are likely. In the analysis above we have excluded our limited results from Hawaiian soils, but nonetheless present the analyses in Table 3 . The Hawaiian soil carbonate from three profiles displays very large variation in T°C(47) of 28°C, much greater than any other area, even though Hawaiian climate is the most equable of our sites. Moreover, one T°C(47) result of 46°C is the highest value by 7°C that we obtained from any modern soil. We see two possible explanations for these unusual results. Unlike other sites, the Hawaiian soils are developed entirely on Quaternary basalt flows on the semi-arid (Kona) side of the island of Hawaii. The carbonate is dolomitic, and heavily admixed with non-carbonates (>80% silicates and other salts). In most cases the "soil" carbonate was obtained from fracture faces in open fissures in the young basalt flows. Our concern with these samples is that carbonate likely forms in fissures partially open to advecting air, more like a cave than a soil in which soil carbonate forms slowly and with restricted gas exchange with air. Kinetic, nonequilibrium effects on clumped isotopes are well documented for caves (Affek et al., 2008; Daëron et al., 2011) .
Alternatively, the results from the Hawaiian soils could be recording true soil temperatures. The lowest T°C(47) result at 18°C is within error of mean annual air temperature at the site of 19.7°C (Table 1) . The much higher T°C(47) of 39-46°C may reflect extreme surface heating of the exposed black basalt surfaces, more efficiently translated to depth by the 2x higher density of basalt compared to most soils. Until the soil temperature loggers are recovered from Hawaii in 2013, and the possibility of kinetic effects is thoroughly addressed, we have excluded the Hawaiian results from our synthesis.
Reconstructing air temperature from T°C(47)
The objective in this section is to establish relationships between T°C(47) and more familiar temperatures terms such as mean annual air temperature (MAAT) and warmest average monthly air temperature (WAMT). It is important to recall that daily and seasonal air temperatures attenuate significantly with soil depth, a pattern visible in our T°C (47) results as well. Thus, the correlation of raw T°C(47) results, uncorrected for soil depth, to any more general climatic parameters such as MAAT is modest (r 2 = 0.62) at shallow (<100 cm) soils depths, but improves (r 2 = 0.93) deeper (>100 cm) in soil where soil temperature variations smooth out (Fig. 3) . These relationships should prove useful to those studies where original soil depth is only broadly constrained (e.g. Ghosh et al., 2006b) .
A more powerful approach is to "correct" all T°C(47) results for soil depth from a single soil profile. In this case we can draw a best-fit model curve through a single or, better, a series of T°C (47) values with soil depth (Fig. 2) . These bestfit curves are calculated using equations 1 and 2 as follows:
(1) assume a thermal conductivity (j = 0.0007 cal cm À1 -s À1°CÀ1 and a volumetric heat capacity (C v ) = 0.3 -cal cm À1°CÀ1 . These values are typical of dry, sandy soils. In the absence of ground heating this produces the "modeled summer" temperature-depth profile in Figs. 1 and 2. a b Fig. 3 . Plot of T°C (47) versus (a) mean annual temperature (MAAT) and (b) warmest average monthly air temperature (WAMT) from <100 cm and >100 cm soil depths, for all global sites except Hawaii.
(2) to account for ground heating, add to T avg in Eq. (1) until the curve from step (1) above fits the observed array of T°C (47) values with soil depth. The best fit is obtained by the sum of least squares using only sample points P50 cm deep, to avoid any diurnal heating effects. We refer to the intersection of such a fitted model curve with the soil surface as the "effective surface temperature", or T°C(47) 0 , required to fit the underlying soil temperature profile (Fig. 2) . In this way, a single T°C(47) 0 can be calculated from a single or series of T°C (47) values with soil depth. Note that T°C(47) 0 should be expected to exceed WAMT by the degree of ground heating, anywhere from 0 to 6°C depending on shading. (3) We compared local air temperature to our estimates of T°C(47) 0 from our global sampling of modern soils. From this we observe strong correlations of T°C(47) 0 with MAAT ( Fig. 4a) and WAMT ( Fig. 4b) as follows: 
These are important results that have implications for reconstructing paleotemperatures in the past. At face value, they mean that T°C(47) collected from a paleosol depth profile can be used to reconstruct T°C(47) 0 , which in turn can be used to reconstruct mean annual temperature as well as seasonality of temperature in the past. The most robust estimates of T°C(47) 0 will come from analysis of multiple samples >50 cm deep, although single samples >50 cm also provide very usable constraints on T°C(47) 0 . Depth-resolved sampling profiles also should provide useful information on seasonality.
But it is important at this point not to overstate the universality and usefulness of these results; more work is needed. First, our sampling of modern soils, although quite broad, involves climates with very strong seasonality and variable shading. In more equable climates where MAAT and WAMT are close together, these relationships are going to be different, as shown by Passey et al. (2010) in East Africa. In East Africa, average monthly temperatures vary by <4°C, far less than with our study sites, which are almost all >20°C except for Hawaii (Table 1) . As a result, T°C(47) is closer to MAAT in East Africa than in our sites. For equable climates, we would predict that the difference between T°C(47) 0 and WAMT will be the same as for our more seasonal soils, but a much smaller difference between T°C(47) 0 and MAAT. The lesson here is that some independent knowledge of paleoseasonality is desirable before T°C(47) can be interpreted. Analysis of complete paleosol profiles of T°C(47) over several meters would serve this end, since the degree of depth attenuation in T°C (47) should scale with seasonality.
Shade is a key imponderable for interpreting T°C(47). The strong difference in T°C(47) between MAD-1 and MAD-2 could be taken as an illustration of the effects of shade. The slope of best-fit lines between the air temperature and T°C (47) 0 (Fig. 4 ) is 1.1-1.2, rather than 1:1. This may be influenced by the greater bareness of cold climate soils compared to warm climate soils in our study. Analysis of well-shaded cold climate soils and thinly vegetated soils in warms settings would be a useful test. With more calibration (and as clumped isotope analysis becomes easier or at least more common), paleoshade may one day prove reconstructable, and its effects corrected for in Eqs. (3) and (4). Looking farther ahead, it is conceivable that vegetation patchiness (i.e. paleoshade) could be reconstructed by comparing T°C(47) profiles laterally from the same paleosols.
Moreover, all of our modern study sites experience dry conditions for at least part of the summer, although most (Arizona, Tibet, India. Pakistan) also receive significant rainfall later in the summer. Thus, T°C(47) is biased toward the summer months, as already discussed. If, however, a soil does not dry out in summer due to precipitation all through the summer half year, then T°C(47) might form at temperatures at or below mean annual temperature. Persistent summer wetness may explain the cool soil temperatures recorded by D 47 values in low-elevation (<2 km) soil carbonate from central Andes in Argentina (Peters et al., 2012) . These observations challenge the universality of our conclusions concerning hot summer conditions for soil carbonate formation. We speculate that this exception should develop only in mid-latitude settings such as central Argentina where winters are cool and dry, and summers persistently wet; but not at high (summer dry) and low latitudes (winter warm).
T°C(47) lapse rates for Himalaya-Tibet
There is intense interest in the paleoaltimetry of the Himalaya and Tibet (e.g. Rowley and Currie, 2006; Quade et al., 2011) . T°C (47) is sure to play a role in these reconstructions, and here we provide an interpretive framework for those future efforts. We have merged the Indian, Pakistani, and Tibetan results in Fig. 5 . There is a strong correlation between elevation versus T°C (47) 0 : elevation ðmÞ ¼ À229ðT
Cð47Þ 0 Þ þ 9300 ðr 2 ¼ 0:95Þ ð5Þ
This amounts to a soil temperature lapse rate of À4.4°C/km, less than average free air lapse rates of À5 to À6°C/km, probably because the low-elevation Indian soils are cooled by vegetation cover, but high-elevation Tibetan soils are not.
Buried paleosols and diagenesis
Thin sections of paleosol carbonate nodules from Siwalik sections reveal dominantly micrite with minor cross-cutting veins of sparry calcite, for samples from a broad range of burial depths. The fine textures are typical of primary nodular soil carbonate and are generally accepted as evidence against major recrystallization during burial (Garzione et al., 2004; Leier et al., 2009) .
T°C(47) from buried Siwalik paleosol carbonate at Surai Khola in Nepal range from 24 to 60°C (Table 4 ; Fig. 6 ). There is a clear pattern of increasing T°C(47) with depth. Paleosols in the upper $2.5 km (or <5.5 Ma) of the section yield temperatures of <34°C, consistent with T°C(47) from modern Indian soil carbonate from across the border in India (Table 3) . At burial depths > 4 km (or > 6.5 Ma), T°C(47) exceeds 36°C, with most values >40°C.
There is a very similar pattern of increasing T°C(47) with age and depth from paleosol carbonates sampled from Pakistan (Table 4 and Fig. 7) . Paleosol carbonates <6 Ma yield T°C(47) of <37°C, similar to modern soil carbonate from the area (29-31°C) whereas T°C (47) is almost all 35-53°C in paleosol carbonate >9 Ma. The burial depths are less certain in Pakistan than Nepal, but we estimate that the reset samples at $9 Ma underwent $2 km of burial, and the deepest and oldest samples were buried $4 km.
Maximum likely burial temperatures can be estimated using observed geothermal gradients of 20-30°C/km from Siwalik basins in Pakistan (Khan and Raza, 1986) . Assuming an average geothermal gradient of $25°C/km, our results show that resetting of D 47 values may commence at maximum burial temperatures as low as around 80-90°C, but certainly by 125°C. The resetting is incomplete, since the highest T°C(47) is 60°C, and peak burial temperatures were likely >125°C. Samples yielding T°C(47) > 40°C are in the 7-17 Ma range. They were gradually buried over the past 12-15 million years, then exhumed rapidly in the last 1-2 million years in the hanging wall of frontal thrusts (the Salt Range Thrust in Pakistan and Main Frontal Thrust in Nepal) in the distal Himalayan foreland. It is not clear by what mechanism the clumped isotope composition of these soil carbonates are partially reset. However, prior experimental study of resetting of the carbonate clumped isotope thermometer by heating in the absence (Stern et al., 1997) . This and other evidence presented in Quade and Cerling (1995) and Quade and Roe (1999) argue against diagenetic resetting of the d 18 O and d 13 C records from deeply buried paleosol carbonates. Given our suggestion that resetting of clumped isotopes was likely accomplished by recrystallization, this implies that diagenetic resetting occurred in rock-buffered, relatively fluid-poor conditions. Mora et al. (1998) and Leier et al. (2009) show that resetting of d
18 O values in paleosol carbonate begins where burial exceeds 4 km (>100-120°C) and certainly by 10 km ($250°C).
A FEW RECOMMENDATIONS AND BROADER IMPLICATIONS
There are a number of broader implications of our results. Key among them is that if soil carbonate does indeed form in clumped isotope equilibrium with soil temperature as the evidence indicates, it happens at peak summer temperatures. Breecker et al. (2009) and Passey et al. (2010) have already suggested that the isotopic composition of soil carbonate is summer biased. Many previous studies have assumed carbonate formation (e.g. Cerling and Quade, 1993; Mack and Cole, 2005; Dworkin et al., 2005) at or near mean annual temperature. Among other things, this temperature underestimation means that the d
18
O values of soil water have been overestimated, and hence the extent of soil water evaporation also overestimated. For example, the 10-15°C difference between MAAT and T°C(47) observed in this study leads to a 3-4& overestimate of soil water d
18 O values. Moreover, as pointed out by Breecker et al. (2009) , the summer bias in soil carbonate formation also means that the d 13 C values will over-represent the proportion of C 4 -C 3 biomass compared to year-round conditions. It also means that soil carbonate tends to form under low soil pCO 2 conditions when soils are dewatered and plants stressed, potentially leading to overestimates of atmospheric pCO 2 in the past using the soil carbonate Table 4 for more information on samples). Burial temperature was estimated using a geothermal gradient of 25°C/km and a mean annual surface temperature of 25°C. T°C(47) for the modern soil carbonate (Table 1 , INACR-samples) from nearby sites in north India is plotted for comparison. Table 4 for more information on samples). T°C(47) for the modern soil carbonate (Table 1 , sample 7893) is plotted for comparison. The oldest paleosols were probably buried as much as 4 km. pCO 2 paleo-barometer (Cerling, 1991; Breecker et al., 2010) .
Our results show that T°C(47) in Miocene paleosol carbonate undergoes partial resetting after burial to depths of 2-4 km, where the sediment may attain temperatures of 80-115°C. This is toward the low end of the temperature or burial range of reordering estimated by Dennis and Schrag (2010) for carbonatites for soil carbonates. In agreement with Dennis and Schrag (2010) , d
18 O values do not undergo alteration in these conditions, in spite of recrystallization or solid-state reordering of D 47 values. Huntington et al. (2011) also presented evidence for resetting of D 47 in the 95-120°C range of most but not all carbonate in Eocene-age limestone from the Colorado Plateau. The elevated temperatures developed because of nearby emplacement of basalt rather than burial.
Finally, we are optimistic about the potential for reconstructing paleotemperatures of the past from T°C(47) in soil carbonate, provided samples are not too deeply buried. Fine-grained soils should be used over coarse alluvial soils to avoid the effects of slope and aspect on soil temperature. Pedogenically "simple" profiles should be sampled to increase the likelihood that carbonate formed at observed paleosol depths. It is imperative that paleosol depth be recorded in order to calculate T°C(47) 0 . Single samples can provide useful constraints on local paleo-air temperature, but the best estimates of T°C(47) 0 will come from multiple depth-resolved analyses from a single paleosol profile. T°C(47) values collected over paleosol depth profiles to reconstruct T°C(47) 0 will have to be corrected for compaction effects if burial has been substantial. Finally, multiple profiles from single paleosols should be sampled to evaluate effects of paleoshade. Clearly, such intensive analysis will benefit from automation and other possible innovations in carbonate clumped isotope measurements, making D 47 measurements faster and more routine.
